S upercapacitors are currently used in specific applications for which high power is required for a short time. 1 The electricity storage is achieved by (nonfaradaic) adsorption of ions from an electrolyte onto electrodes with high-surface area; this surface-based mechanism, which involves no redox reaction, is at the origin of high power. 2, 3 As devices, supercapacitors complement batteries, which have slower discharge time but which exhibit much greater stored energy densities. 4 Many applications therefore use this complementarity and combine a supercapacitor with a Li-ion battery. Nevertheless, there is a tremendous need to increase the stored energy densities of supercapacitors, and various routes are currently explored. 5À10 Recent advances were made when it was shown that using electrodes made of carbons with well-controlled nanoporosity could lead to large and unexpected enhancements of the capacitance. 11À13 However, these improvements must be made while keeping good power performance.
Energy density is proportional to the capacitance, which is an equilibrium property.
So far most of the simulation studies were dedicated to the understanding of the origin of the "anomalous" increase of the capacitance inside nanoporous carbon electrodes, 14À21 without addressing the dynamic aspects. Nevertheless, it is the transport of the ions inside the pores which will control the power density of a device. It is thus of primary importance to well characterize this transport on the molecular scale. A few studies have investigated the relaxation dynamics of ions close to electrified planar surfaces. 22À24 In a study directed at the nanoporous carbons, Kondrat and Kornyshev have recently observed by using a mean-field model that the charging of initially empty pores proceeds in a front-like way, while that of already filled pores is diffusive. 25 There are two main methods for modeling the electrodes of a supercapacitors. The first, simpler one consists in assigning constant charges to every atom of an electrode, while the second one consists in applying a constant potential and allowing the carbon charges to fluctuate in response to the local structure of the electrolyte. 26À28 It was shown that the latter approach is much more realistic, and should always be used when studying the dynamics. Constant charge simulations should be kept for equilibration purposes only, because imposing a sudden surface charge leads to an extremely large current at t = 0, and consequently to unphysically fast dynamics and a large increase of the temperature of the system. 29 Here we perform constant potential molecular dynamics simulations involving realistic models of nanoporous carbon electrodes with an ionic liquid electrolyte. We study the response of the supercapacitors to a suddenly applied electrical potential difference. We show that the charge penetrates progressively from the carbon/electrolyte interface to the bulk of the electrodes. The charging dynamics is, however, markedly heterogeneous at the nanoscale. Finally, by using an equivalent circuit model, we show that a macroscopic electrode would charge on the time scale of 1 s, which means that the power density of such a device would be very good.
RESULTS AND DISCUSSION
Charging Dynamics. The system we simulate is composed of an ionic liquid electrolyte (1-butyl-3-methylimidazolium hexafluorophosphate, BMI-PF 6 ) confined between a pair of nanoporous carbon electrodes, as shown on Figure 1 . For the latter, three structures which were obtained by Palmer et al. by performing quenched molecular dynamics at various thermal rates 30 were used. They were shown to mimic very well carbide-derived carbons (CDCs) 31 obtained under various synthesis temperatures, so that we will label them following the corresponding temperatures in°C: CDC-800, CDC-950, and CDC-1200. They differ mostly by their local nanoporosity (pore sizes and shapes). In particular, their respective average pore sizes are 7.5, 9.0, and 9.0 Å (with distributions ranging from 3 to 15À18 Å). 30 In addition, the structure becomes more and more disordered when passing from CDC-1200 to CDC-950 and then to CDC-800. Here after equilibration of the system at 0 V, we suddenly apply an electric potential difference (a value of 1 V was used unless otherwise stated) and follow the charging dynamics of the electrodes.
We have previously studied 18, 28 the equilibrium aspects of the adsorption of ions in these systems over a range of applied potentials. Even at zero applied potential, this electrolyte is found to wet the pores of the carbon electrodes effectively such that equal numbers of cations and anions are absorbed within the nanopores. When a potential is applied, there is an exchange of ions between the bulk electrolyte and those absorbed within the electrode interiors such that, after equilibration, there is a net excess of cations within the electrode held at negative potential and the electrode develops a net charge which balances the excess charge of the absorbed ions. 16, 18, 32 To a good approximation, the total volume of electrolyte within the electrode is not affected by the application of a potential. Figure 2 shows the time evolution of the average charge per carbon inside the positive electrode for each of the three different porous materials studied after the potential difference is applied between the electrodes. They all reach a plateau value of ≈0.007 e/carbon atom for CDC-1200 and CDC-950 and of ≈0.006 e/carbon atom for CDC-800. It is probable that the fully charged régime is not reached on the time scale of these simulations: for example, in CDC-1200, we expect to reach a maximal charge of ≈0.011 e/carbon atom which is obtained in calculations where we allow sufficient time for full equilibration. 18 This observation is consistent with an experimental observation that the amount of charge stored depends on the rate of charging: For example, in nanopowders of CDCs, the specific capacitance was shown to decrease by 15À40% when the current density is switched from 0.1 to 5 A g À1 during galvanostatic cycling. 33 Our simulation setup corresponds to an instantaneous change of potential, so that we expect our results to match experimental ones in the limit of high current densities. Note that even if smaller than the equilibrium one, the final charge of the CDCs in the present simulations remains much larger than in the case of planar graphite electrodes, for which 0.004 e are stored per carbon atom for the same applied electric potential of 1 V. 34 The comparison of the different porous materials shows that CDC-1200 and CDC-950 seem to have similar charging profiles on Figure 2 while that of CDC-800 is markedly different: it takes a much longer time to reach the plateau régime for the latter. This behavior can be linked to the average pore sizes, which are identical for CDC-1200 and CDC-950, with those of CDC-800 being smaller. 30 We will now further analyze the dynamics on the local scale.
Charging Heterogeneity. In constant potential simulations, the charge carried by each carbon atom is calculated every time step. It is, thus, possible to examine the evolution of the local charge for any well-defined region of the electrode. To illustrate the charge penetration inside the electrode, Figure 3 displays the charging profiles as a function of depth (z, as defined on Figure 1 ) inside the positive electrodes for the three CDCs. The charge is calculated for the whole slab of carbon atoms with positions between z À δ and z þ δ (δ = 0.5 Å here); it reflects the local imbalance in the number of cations and anions induced by the applied potential, which is strongly affected by the local topology and connectivity of the nanoporous material. The origin (z = 0) corresponds to the frontier between the electrolyte and the electrode. There is a general tendency for the charge to penetrate progressively from the boundary toward the interior of the electrode as the diffusive ion exchange process reaches greater depths. This is consistent with the transmission line models which are used for representing supercapacitors at the macroscopic scale as equivalent electric circuits, 35 and is in qualitative agreement with the results of Kondrat and Kornyshev, who showed by using a mean-field model that the charging of initially wetted single pores occurs by a diffusive ion exchange. 25 In the present case, the complex network of pores is initially wetted by the ionic liquid. The diffusive charging of the nanoporous carbon is, however, very heterogeneous at the nanometric scale, since some regions very deep inside the electrode start to charge relatively quickly after the electric potential is applied. For example, for CDC-950, there is a large increase of the charge in the middle of the electrode for 1 ns < t < 2 ns. This is due to the presence of a large pore ending close to this region (see the snapshot provided in the Supporting Information), which acts as an electrolyte reservoir. Another indicator of this heterogeneity in charging can be seen in CDC-800, for which the region around z = 40 Å starts to charge long before the one at 35 Å.
To further illustrate the importance of the local structure on the heterogeneous charging, the rearrangement of the local charge inside a 11 Å-thick slice centered 25 Å away from the interface (i.e., corresponding to 19.5 Å < z < 30.5 Å on Figure 3 ) is shown at various simulation times for the positive CDC-1200 electrode on Figure 4 . The structure differs substantially from pictures based on regular, long pores such as carbon nanotubes. It is better described as a complex network of interconnected edge, planar, hollow or pocket sites of size barely larger than a few ionic radii, and the ions sample various adsorption modes. 36, 37 The amount of charge which is stored locally increases with the degree of confinement of these sites. 38 A highly confined site close to the center of the slice is indicated with a white circle on Figure 4 . At t = 0.2 ns, this site is occupied by a cation and the local charge on the electrode is negative. At t = 1.0 ns, there is an ion pair, and the cation is then expelled, resulting in the formation of a high positive charge on the carbon electrode. At the bottom right corner of the slice, a wider pore is present (it is indicated with a white square on Figure 4 ). It is already well charged at t = 0.2 ns, with 3 anions lying close to the surface. Subsequently, though, one of the anions leaves the pore for another region. It is replaced by a cation, decreasing the local charge. There is, therefore, an interplay between the various pores: their local charge increases on the nanosecond time scale but it is subject to fluctuations due to the diffusion of the ions inside the electrodes. In addition to the pore sizes, the connectivity between the pores should play an important role in the charging process and influence its heterogeneous character.
Equivalent Circuit. The interpretation of experiments on supercapacitors usually relies on the use of equivalent electric circuits. Here we examine the relevance of such macroscopic models in the light of our microscopic simulations and the implications of the latter for transport on larger scales. The most commonly used model in the case of nanoporous electrodes is that of a transmission line, in which the charge penetrates progressively into the electrode. 35, 39 This model is based on an infinite succession of slices connected in parallel (via the constant potential solid surface), each of them consisting of a capacitor, accounting for the possibility to store charge locally via the polarization of the electrolyte at the surface of the pores, and of a resistance describing the dissipative electrolyte transport through the pores.
The link between such effective macroscopic models and the underlying microscopic mechanisms remains to be established. A key question, discussed below, is the definition of the equivalent circuit slices from the microscopic structure of the electrode, which should be as large as possible to ensure a good representation of the chosen regions. It should be large enough to ensure that the sum of all the heterogeneous charging events results in an homogeneous charging at the scale of the slice. Given the small size of the simulated system, we have thus divided each electrode into two slices of equal thickness l, resulting in the equivalent electric circuit illustrated on Figure 1 . R bulk is the resistance of the electrolyte in the bulk region, R l is the resistance of each electrode slice, C 1 and C 2 are the capacitances of the two slices. Among these quantities, the only unknown is R l , which can be determined by fitting the total electrode charge evolution with time. It is given by
where the expressions for Q max , A 1 , A 2 , τ 1 and τ 2 are given as a function of the electric circuit components in the Supporting Information. The fitting was made on the bulk part of the electrode, i.e., by excluding the first 5 Å of the electrode in order to avoid interfacial effects. Note that including this region, although decreasing the quality of the fit, does not change the results qualitatively.
The values of all the calculated and fitted parameters are given in Table 1 (see the Supporting Information for additional details), and results of the fits are shown on Figure 5 for the three CDC electrodes. In all cases eq 1 underestimates the charge at short times but the matching is very good for intermediate and long times. To check the transferability of this approach, we have made two different tests. First we have calculated the charges in the two slices (expressions provided in the Supporting Information); they correspond very well with the data extracted from the simulations, without further parameter fitting. Second, we have compared the charging dynamics for an applied potential of 2 V with the prediction from eq 1 using the R l values fitted at 1 V. Again, a good agreement was obtained (the data is shown on Supplementary Figure 4 ). Therefore the proposed equivalent circuit is clearly able to capture the charging behavior of our modeled supercapacitor. Given the relative widths of the electrolyte (50 Å for each halfcell) and electrode regions (2l = 42 Å for each electrode) in our simulation cells, we can conclude from the fact that R bulk is of the same order of magnitude as R l for both CDC-1200 and CDC-950 that the transport of the ions is only slightly affected inside the pores. This is consistent with the structure of these electrodes, which contain interconnected nanopores with an average pore size of 9.0 Å. For CDC-800, the transport inside the smaller pores is slower, by a factor of approximately 4À8. The low resistivity of the electrolyte inside the electrodes may arise from the existence of collective transport effects, as suggested by a recent study from Kondrat et al. in which the diffusion coefficients of the ions from an ionic liquid adsorbed inside electrified slit pores were shown to be strongly dependent on the charged state of the electrode. 40 Charging on Larger Scales. The good agreement between the simple two-slice model and the molecular a In all cases, the bulk electrolyte region thickness is 50 Å for each half-cell, while the considered electrode slices have a l = 21 Å thickness. Figure 5 . Total charge of the electrodes as a function of time for the three systems. Molecular dynamics simulation results are well described by eq 1, which corresponds to the equivalent circuit displayed on Figure 1 , with the parameters of Table 1 . The only parameter adjusted to reproduce these results is the resistance of the electrode slices, R l . The charge of each slice predicted with the equivalent circuit is also in good agreement with the simulation data, without further parameter fitting.
simulation results further indicates that the size of the regions defining the slices is adequate. More precisely, this length scale is sufficiently large to average out some of the local heterogeneity of the charging process, while allowing the diffusive behavior to be captured on a coarser scale. Identifying the relevant length scales for the definition of coarse-grained ionic and charge densities might also be useful in the framework of mesoscopic models such as time-dependent Density Functional Theory. 25 In addition, we can also extract from this effective macroscopic model a crude estimate of the characteristic charging time constant, which would probably need to be improved by using larger simulation cells. In the full transmission line model, the diffusive charging occurs over the thickness l macro of the electrodes with a characteristic time scale RCl macro 2 , with R and C the resistance and capacitance per unit length, respectively. This time can be determined from our simulation results as
where C tot is given by the total capacitance of the electrodes and l sim their thickness in our simulations. For a typical commercial supercapacitor, the electrode size is l macro ∼ 100 μm, which gives us characteristic charging times ranging between 0.5 and 4 s for our systems, in good agreement with the experimental data: for example, in reference 11, relaxation time constants, defined as the minimum time needed to discharge all the energy from the supercapacitor cell with an efficiency greater than 50%, of 5À20 s were measured with similar CDCs to the ones we simulate (although the electrolyte is different, its electrical conductivity is of the same order of magnitude as the ionic liquid in the present study, and so would be the corresponding R bulk ). Our estimate does not take into account the thickness of the electrolyte region and the resistance of other components of the supercapacitor such as the separator, but these should not impact the charging time significantly.
CONCLUSION
In conclusion, we have used molecular dynamics simulations in order to study the charging of electrified nanoporous CDC electrodes impregnated with a BMI-PF 6 electrolyte. We have shown that it occurs in a diffusive way, in agreement with the recent literature. 25 The charge starts from the electrode/electrolyte interface and penetrates progressively into the bulk of the carbon material. At the nanometer scale, though, strong heterogeneities are observed due to the particular structure of CDCs. These materials consist in a complex network of pores of various sizes, and differ substantially from the carbon nanotubes or the slit pores which are often used to model them. Depending on the local organization of the porous networks, some regions may start to charge before others despite being located more deeply inside the electrode. For example, in CDC-950, a region in the middle of the electrode charges very quickly because it is located near to a large pore of the carbon.
By comparing three CDCs with different structures, we have shown that the charging time depends on the average pore size. CDC-1200 and CDC-950, which have similar average pore sizes, are charged on similar time scales, even though the details of the pore connectivity and the distribution of pore throats may also play a role. The process is slower by a factor of 4À8 in the case of CDC-800, which has a smaller average pore size. Experimental supercapacitors involving nanoporous carbon show good power performances in addition to their excellent energy densities, 11 a result which seemed rather counterintuitive and had not been explained at the microscopic scale previously. From our molecular dynamics simulations data, we have fitted a macroscopic model based on an equivalent electric circuit. The transmission line model which is used in experiments is clearly able to capture the charging behavior. This fit provides us with a value for the resistance of the electrolyte inside the pores. This quantity is of the same order of magnitude as that of the bulk electrolyte (for similar dimensions), which leads to charging times of one to ten seconds time scale for a 100 μm thick electrode. This confirms that the transport of the ions is not much affected in the porous materials. In future work we will investigate whether the fast charging that we observe can be associated with the existence of collective transport effects, as suggested by the recent work from Kondrat et al. 40 If the existence of such a mechanism leading to fast transport of the charge is shown to be universal for a series of electrolytes and electrode structures, it means that nanoporous-carbon based supercapacitors have inherently high power densities, so that the quest for new carbon materials should mainly focus on enhancing their energy density. 6 ] ionic liquid (600 ion pairs) surrounded by two identical and symmetric nanoporous carbon electrodes, obtained by quenched molecular dynamics. 30 Following our previous works, we use for the ionic liquid the coarse-grained model of Roy and Maroncelli, which yields the correct structural, thermodynamic and dynamic properties of BMI-PF 6 . 41 Three and one sites describe the cation and the anion, respectively. 34, 42 The sizes of the simulation cells are chosen in order to reproduce the experimental densities of the bulk electrolyte. Supporting Information Table 1 gathers the number of carbon atoms and the lengths for all the simulation cells for each type of studied carbon.
METHODS

The simulation cells consists of [BMI][PF
Molecular dynamics simulations are conducted on the three different systems, with a time step of 2 fs which is consistent with the coarse-grained model used. The forces are calculated as the sum of siteÀsite Lennard-Jones potential and Coulombic interactions. Parameters for the ions and carbon atoms are the same as in our previous work. 18, 34, 42 In all the simulations, the Coulomb interactions are calculated through a two-dimensional Ewald summation. 43, 44 The procedure to simulate the charging process follows two steps: the system is first equilibrated for a few nanoseconds, first with a constant charge of 0 e on all carbon atoms and then with a 0 V potential difference between the two electrodes. At t = 0, this potential difference Δψ 0 is suddenly set to 1 V (ψ þ = 0.5 V and ψ À = À0.5 V or 2 V. The electrodes are held at constant potential using a method developed by Reed et al. 43 from an original proposal by Siepmann. 45 Simulations are continued for sufficiently long to reach equilibrium, i.e., to exhibit a long plateau for the value of the charge on carbon atoms. The constant potential approach is computationally expensive compared to the constant charge approach but is essential to study realistically dynamic processes such as the charging process. 38 Typically, 50 000 CPU hours were needed to gather a trajectory of 1 ns for a given system.
Controlling the temperature is an important concern for such simulations. In a macroscopic experiment, the supercapacitor is thermostated in order to control its temperature. It is therefore preferable to simulate the systems in the NVT ensemble, keeping a weak coupling to the heat-bath in order to avoid the dynamics being dictated by the thermostat relaxation time.
Here we have used a Nosé-Hoover thermostat 46 with a relaxation time of 10 ps and a target temperature of 400 K. The variations of temperature with time are shown in the Supporting Information for Δψ 0 = 1 V: the largest increase is observed in the case of CDC-1200, for which the temperature switches from 400 to 470 K during the first nanosecond due to the Joule heating effect, 29 then up to 490 K during the next 5 ns before starting to decrease slightly. The diffusion coefficients increase by a factor of 2À3 in this temperature range in the bulk ionic liquid, 41 which has to be taken into account when analyzing the results. The increase of temperature is larger for the two other applied potentials; all the results presented here, therefore, correspond to the 1 V case, although the charging dynamics is qualitatively the same for Δψ 0 = 2 V.
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